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In this paper, fibre-diameter-dependent light scattering during measurment of wool colour was quantified using the
extended multiplicative signal correction technique. Furthermore, a simple-to-apply model has been developed to
correct each of the CIE (International Commission on Illumination) 
 
X
 
, 
 
Y
 
 and 
 
Z
 
 values obtained from colour measurement
of fibrous masses. The model was successfully applied to both polypropylene (PP) and wool fibres, though different
parameter values were used in each case, indicating different patterns of internal light scattering between PP and wool
fibres. After the model corrections, the diameter dependence of measured wool yellowness (
 
Y
 
 – 
 
Z
 
) was either eliminated
or significantly reduced for each of seven sheep flocks distributed widely over the wool-growing regions of Australia.
 
Keywords: 
 
wool colour; colour measurement; diameter-scatter; extended multiplicative signal correction; colour
correction models
 
Introduction
 
Clean raw wool has colour from cream to yellow and
brown (Cottle, 2010). This off-white base colour and
the low bleaching efficiency of wool as well as the poor
photostability of bleached wool to sunlight preclude the
use of wool in products requiring either light, bright or
pastel shades (Marler & Samuelsdorff, 1987). In partic-
ular, raw wool which has non-scourable yellow colour
is reported to attract significant discounts in the market-
place (Dyer, Bringans, Aitken, Joyce, & Bryson, 2007).
The clean colour of wool is known to have a signif-
icant heritability, ranging from 0.39 to 0.56 (Cottle,
1996; James, Ponzoni, Walkley, & Whiteley, 1990). In
the quest to improve the value of their wool, sheep breed-
ers and wool growers incorporate clean wool colour as
a trait in genetic selection schemes (Cottle, 2010).
The wool industry has established a standard test for
the measurement of clean colour of raw wool sale lots,
IWTO-56-07 (IWTO, 2007). Australian Wool Testing
Authority Ltd. (AWTA) has adapted the International
Wool Textile Organisation (IWTO) standard colour test
for raw wool for the measurement of midside samples
from individual sheep (Turner, 1956). In this standard,
a 45
 
°
 
/0
 
°
 
 or 0
 
°
 
/45
 
°
 
 light source/detection geometry is
configured in the spectrophotometer to exclude the
specular component of the light reflection. During the
measurement a bulk sample of approximately 5 g of
randomised clean wool fibres is compressed against the
glass surface of a spectrophotometer port, 32 mm in
diameter. The spectral response of the instrument is
converted into CIE (International Commission on Illu-
mination) tristimulus units (Wyszecki & Stiles, 1967)
 
X
 
, 
 
Y
 
 and 
 
Z
 
 for reporting. Commercially important
parameters of wool colour are: yellowness and bright-
ness measured as 
 
Y
 
 – 
 
Z
 
 and 
 
Y
 
, respectively.
Significant developments have been made in the
understanding of scattering in an electromagnetic radia-
tion such as light (380–720 nm) and near infrared
([NIR] wavelengths: 800–2500 nm). NIR spectral data
have been used as a major non-destructive tool in many
applications within the chemical, pharmaceutical, food
and agricultural industries. Based on the sensitivity of
NIR spectra to scattering, in particular, NIR has also
been used to predict the mean fibre diameter (MFD) of
wool fibres (Cozzolino, Montossi, & Julian, 2005;
Hammersley & Townsend, 2008; Keogh & Roberts,
1985). The dependence of NIR scattering on fibre diam-
eter implies that there might also be a similar fibre
diameter dependence in colour measurement.
A number of researchers have reported relationships
between MFD and measured wool colour (Fleet,
Millington, Smith & Grimson, 2009; Hebart & Brien,
2009; Smith & Purvis, 2009). Indeed a survey covering
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10 years of colour testing data of raw wool sale lots has
shown that yellowness (
 
Y
 
 – 
 
Z
 
) of clean wool is corre-
lated (correlation coefficient = 0.48) with MFD (Wang
& Mahar, 2008). The existence of an MFD–(
 
Y
 
 – 
 
Z
 
)
relationship may indicate that fibre-diameter-scatter
contributes to diffuse reflectance in the colour measure-
ment. Such a relationship has the potential to confound
genetic parameter estimates for colour traits, due to the
artefactual covariance with fibre diameter, and thus
significantly impair the ability of the Australian wool
industry to genetically improve colour attributes of its
clip.
The aims of the work reported in this paper are: 
 
●
 
To quantify any fibre-diameter-dependent light
scattering during measurement of clean wool
colour; and
 
●
 
To develop a model to correct the wool colour
measurement result for any significant fibre diam-
eter–wool colour relationship which is identified.
 
Theory
 
Wool is a translucent rather than a transparent or an
opaque material. Its refractive index is approximately
1.55 (Millington, 2006). When a light beam passes
through the air and strikes a sample of wool at a certain
angle, the reflected light will include both diffuse and
specular components. Some of the light will also pass
into the wool and may be partly scattered during the
transmission through the wool fibre. A light beam
emerging from the wool surface into the surrounding air
will also consist of diffuse and specular components. As
noted, the configuration of 45
 
°
 
/0
 
°
 
 or 0
 
°
 
/45
 
°
 
 internal
geometry in colour measurement is able to largely
exclude the specular reflection from the measured
reflectance so that the diffuse reflection is the major
component in colour measurement.
A number of theories have been developed for
approximating the phenomena of diffuse reflectance: 
 
●
 
The Stokes theory developed in the 1860s describes
the reflection, absorption and transmission through
directly illuminated samples which are modelled as
plane parallel layers (Stokes, 1862).
 
●
 
The Rayleigh theory developed in the late 1800s
describes the scatter phenomenon of particles in
which the particle size is much smaller than the
wavelength of the light being scattered (Dahm &
Dahm, 2007).
 
●
 
The Mie theory developed in the early 1900s
describes the absorption and scatter phenomena
of spheres (Dahm & Dahm, 2007).
 
●
 
The Schuster theory (Schuster, 1905), also called
the two-flux theory, describes the scattering from
a dilute suspension of particles, in which the
distance between particles is large compared to
the size of the particles. Each particle is assumed
to scatter isotropically.
 
●
 
The Kubelka–Munk theory (Kubelka & Munk,
1931) describes the reflection and transmission of
light through an infinitely thick sample. In partic-
ular, the Kubelka–Munk theory details the prop-
erties of light scattering colourant layers and
defines a relationship between spectral reflec-
tance (
 
R
 
) of the sample and its absorption (
 
K
 
) and
scattering (
 
S
 
) characteristics as follows (Griffiths
& Dahm, 2008):
where 
 
R
 
∞
 
 is the spectral reflectance from an infinite
thickness of a sample.
For textile materials, it is assumed that the scattering
(
 
S
 
) of a dye or pigment depends on the properties of the
substrate or opacifier, while the absorption (
 
K
 
) of light
depends on the properties of the colourant.
 
Techniques for separating physical scattering and 
chemical absorbance in diffusing reflectance spectra
 
Techniques are not currently available for correction of
fibre-diameter-scattering in colour measurement. In
NIR prediction of the chemical constituents of materi-
als, one task of signal processing is to separate the spec-
tral components determined by the physical and the
chemical properties of the material, which are combined
in the measured spectra. Techniques developed for this
signal separation include standard normal variates
(SNV), multiplicative signal correction (MSC) and
extended multiplicative signal correction (EMSC)
(Kessler, Oelkrug, & Kessler, 2009; Martens, Nielsen,
& Engelsen, 2003). These methods have been used
successfully to remove or eliminate the unwanted scat-
ter information caused by morphological variations
between samples. These are all pre-processing tech-
niques used to modify measured spectra prior to chem-
ical analysis. MSC quantifies the effect on spectral
response of physical variations in the measured mate-
rial, such as variations in light scattering due to sample
packaging, sample surface topography and particle size,
in regions of the spectrum where there is no expected
effect on response due to chemical variations in the
material under test. EMSC is an extension of MSC
which overcomes problems with systematic chemical
variations and instances in which the physical and
chemical effects are seriously entangled in the spectra.
Further details of these techniques are beyond the scope
( )
( )
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of this report and can be obtained from the references
provided.
The EMSC method was developed and improved
by Stark and Martens (Stark & Martens, 1996, 1997).
EMSC applies a scatter correction to each measured
spectrum according to the general equation: 
where 
 
a
 
i
 
 represents the baseline offset of the spectrum
for the 
 
i
 
th sample; 
 
b
 
i
 
 represents the path length relative
to a reference spectrum for the 
 
i
 
th sample; 
 
d
 
i
 
 and 
 
e
 
i
 
stand for unknown wavelength (
 
λ
 
)-dependent spectral
variations from sample to sample; and 
 
R
 
i
 
,chem.
 
 represents
the spectrum resulting from the pure chemical proper-
ties of the 
 
i
 
th sample.
Therefore, in the colour spectrum of the 
 
i
 
th sample: 
Estimates of the model parameters, 
 
a
 
i
 
, 
 
b
 
i
 
, 
 
d
 
i
 
 and 
 
e
 
i
 
,
can be obtained based on the measured 
 
R
 
i
 
 at the wave-
lengths which are insensitive to variations in the chem-
ical constituents (Martens et al., 2003).
The EMSC pretreatment on the raw spectra can be
readily performed by a commercial multivariate calibra-
tion programme, and the corresponding 
 
R
 
i
 
,corrected
 
 spectra
can be obtained directly. The Unscrambler software
(CAMO Inc., Norway) was used to perform the EMSC
pretreatment in the present work.
 
Assumptions of the models
 
To model the fibre-diameter-dependent light scatter
correction on colour measurement results, the following
aspects need to be considered: 
(1) Variations in fibre diameter and colourants
within the samples;
(2) Variations in light scattering and absorption
among the samples;
(3) Uniformity of sample packing density presented
to the colorimeter; and
(4) Presentation of samples to the colorimeter.
In relation to these aspects, the following assumptions
apply to the model under discussion: 
(1) Variation in diameter and colourants within the
sample: 
(a) The variation of diameter along a fibre is
ignored, there are no voids, i.e. medullation,
within individual fibres as is the case in
Merino wool, and fluorescence is not
considered.
(b) The fibre-diameter-dependent scatter is a
dominant component compared to pigment-
scatter from the inside of fibres, which is
relatively weak in non-pigmented Merino
wool fibres.
(2) Variations in light scattering and absorption
among samples: 
(a) At the same angle of incidence, the amount
of light absorbed and scattered by individ-
ual wool fibres of similar diameter is a
constant fraction of the intensity incident
upon the fibres. The fraction is independent
of where the fibres are located within the
sample bulk.
(b) The refractive index is dispersionless.
(3) Uniformity of sample packing density presented
to the colorimeter.
(4) Presentation of samples to the colorimeter: 
(a) The thickness of a 5 g pressed fibre bulk is
infinite for the diffusing reflectance in the
‘standard’ colour test, and the packing
density is uniform across the bulk volume.
 
Methodology of modelling
 
The 
 
X
 
, 
 
Y
 
 and 
 
Z
 
 values from the AWTA Fleece Measure-
ment ‘standard’ are calculated from spectrophotometric
data according to the following equations (Billmeyer &
Saltzman, 1966): 
where 
 
X
 
, 
 
Y
 
 and 
 
Z
 
 are the CIE tristimulus values; 
 
λ
 
 is
wavelength; 
 
R
 
λ
 
 is the spectral reflectance of the sample;
 
E
 
λ
 
 is the relative spectral energy of the light source; and
 
–x
 
λ
 
, 
 
–y
 
λ
 
 and 
 
–z
 
λ
 
 are the tristimulus values of the spectrum
colours.
In the calculations, only 
 
R
 
λ
 
 contains the complete
spectral response of the sample being tested. This spec-
tral information includes: 
R a b R d ei i i i i i≈ + + +, ( )chem λ λ2 2
R R
R a d e
bi i
i i i i
i
, ,
( )
. ( )colourant corrected≈ =
− − −λ λ2
3
X
E R x
E R y
=
∫
∫
100
4
λ λ λ
λ λ λ
λ
λ
d
d
( )
Y
E R y
E R y
=
∫
∫
100
5
λ λ λ
λ λ λ
λ
λ
d
d
( )
Z
E R z
E R y
=
∫
∫
100
6
λ λ λ
λ λ λ
λ
λ
d
d
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●
 
The absorbance by the colourants (
 
R
 
λ
 
,col
 
); and
 
●
 
The scattering (
 
R
 
λ
 
,scat
 
) from the fibres due to the
baseline offset and path length changes (related to
fibre diameter, packing density, etc).
Therefore: 
As indicated earlier, the EMSC technique can remove
 
R
 
λ
 
,scat
 
 from 
 
R
 
λ
 
 and generates a spectrum 
 
R
 
λ
 
,EMSC
 
 which
is approximately equal to 
 
R
 
λ,col. Therefore, the differ-
ence ∆Rλ = Rλ – Rλ,EMSC will reflect the scattering
effects of fibre diameter and be diameter dependent.
That is, the relationship ∆Rλ ∝ MFD is the focus of this
model development.
In the first instance, a linear relationship is assumed.
The following relationship then follows: 
Therefore, 
The same derivation applies to Y, Z and (Y – Z): 
Experimental
In theory, the EMSC technique can treat any spectra
which contain multiplicative signals (Kessler et al.,
2009; Martens et al., 2003). However, in order to exam-
ine the feasibility of this theory for the current colour
measurement, a well-controlled extrusion trial was
designed to produce a batch of polypropylene (PP) fila-
ments which were chemically stable and contained no
pigment. The filaments were extruded to different diam-
eter values from a common batch of PP so that they
could all have the same degree of crystallinity. Thus,
any effects of fibre-diameter-dependent scatter could be
well presented in the reflectance spectra of this series of
filaments. After the models for the three CIE parameters
X, Y and Z were validated for the PP filaments, the same
procedure was used to develop further models for wool
samples taken from the midsides of individual sheep.
As the light scattering and absorbance are different for
PP filaments and wool fibres, the models were expected
to be different.
Polypropylene filaments
A single batch of PP filaments of eight different
MFDs was produced under the same conditions at
Deakin University. The extrusion parameters were as
follows:
Raw material Polypropylene-Basell Moplen APD-258
Extruder Wayne Single Screw Desktop Extruder
Die used 18 filaments
Machine settings
Temperature zone Temperature (°F)
Zone 1 330 (165.6°C)
Zone 2 380 (193.3°C)
Die zone 1 390 (198.9°C)
Die zone 2 395 (201.7°C)
Die zone 3 402 (205.6°C)
Screw speed 20 rpm
The same extrusion settings were used to ensure
production of relatively homogeneous crystallisation of
the filaments. Subsequent differential scanning calo-
rimetry (DSC) testing confirmed a consistent level of
crystallisation formed in the PP filaments (Table 1).
The controlled level of crystallisation would be
expected to yield consistent internal light scattering
within the resulting filaments. This consistent internal
scattering implies that any differences in the reflection
spectra are due to the effect of variation in filament
diameter.
The diameter characteristics of the PP filaments
are listed in Table 2, which highlights a MFD range of
11.3 µm (from 22.0 µm to 33.3 µm). Due to the limit of
R R Rλ λ λ= +, , ( )col scat 7
R R Rλ λ λ, , . ( )col scat= − 8
∆Rλ λ λα β= × +MFD . ( )9
X
E R x
E R y
E R R x
E R y
X
E x
E R y
E x
E R y
corrected
col
raw
d
d
d
d
d
d
MFD
d
d
=
=
−
= −



× +



∫
∫
∫
∫
∫
∫
∫
∫
100
100
100
100
10
λ λ λ
λ λ λ
λ λ λ λ
λ λ λ
λ λ λ
λ λ λ
λ λ λ
λ λ λ
λ
λ
λ
λ
α λ
λ
β λ
λ
,
( )
( )
∆
Let 
d
d
andφ
α λ
λ
λ λ λ
λ λ λ
x
E x
E R y
=
∫
∫
100
11, ( )
κ
β λ
λ
λ λ λ
λ λ λ
x
E x
E R y
=
∫
∫
100
12
d
d
then,, ( )
X X X Xcorrected raw MFD= − × +( ). ( )φ κ 13
Y Y Y Ycorrected raw MFD= − × +( ) ( )φ κ 14
Z Z Z Zcorrected raw MFD= − × +( ). ( )φ κ 15
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the winding speed on the extruder, diameters less than
22 µm were unachievable.
A two-step procedure was used to prepare the PP
filaments for the colour measurement. Firstly, the fila-
ments were cut into approximately 100-mm lengths,
then 5 g of the resulting ‘fibres’ were manually mixed
as uniformly as possible before being presented to the
colorimeter according to the ‘standard’ method. Spectra
were obtained for each sample.
A summary of the regression relationships between
MFD and the CIE X, Y, Z values is listed in Table 3.
Compared to polynomial, power and exponential
regression relationships, the linear model was the
simplest and had the lowest overall standard error and
highest coefficient of determination. The linear rela-
tionships are shown in Figure 1 which reveals that the
CIE X, Y, Z values decrease in an approximately linear
manner with an increase in fibre diameter.
Figure 1. CIE X, Y, Z values of PP filaments from the ‘standard’ testing.
Colour measurement of wool midside samples
Wool midside samples were available from seven of
the eight Information Nucleus Flocks (INFs; Mortimer
et al., 2009) run by the Sheep Cooperative Research
Centre (CRC, 2010). These INFs comprise high perfor-
mance sires selected to capture genetic variation for a
range of traits, and are located in widely differing envi-
ronments throughout Australian wool-growing regions.
In the first instance 10 midside samples were selected
with a range in MFD from 13.5 µm to 20.3 µm.
Samples were chosen from one INF to minimise the
effect of environmental differences on wool colour.
Colour measurements were made according to the
AWTA ‘standard’ and results are listed in Table 4. It
was noted that Y – Z values increased in an approximate
linear manner with an increase in MFD, similar to the
results reported by Wang and Mahar (2008) from a
survey covering a full range of MFD values in the
Australian wool clip.
Modelling of the diameter-scatter corrections
Development of the models
Quantification of diameter-scatter in colour spectra
From the colour test results, the Rλ spectra in the visible
range (380 nm–720 nm) were extracted at 10-nm inter-
vals for each sample. Then, the spectra were pre-treated
by the EMSC method in The Unscrambler software and
Table 1. Degree of crystallisation of the PP filaments.
LN Cryst. point (°C) Peak point (°C) Heat (J/g) Cryst. degree (%) SD of cryst. (%)
43843.2 152.87 162.56 104.23 50.37 0.24
43844.3 153.52 161.96 102.40 49.47 1.23
43842.1 153.69 164.13 100.45 48.52 0.68
43840.6 153.35 163.74 97.40 47.05 0.52
43838.4 152.45 161.83 102.63 49.57 0.67
43839.5 152.35 163.50 101.78 49.17 1.09
43841 152.60 162.80 104.73 50.60 1.47
43846.5 152.70 162.68 107.80 52.07 1.80
Mean 152.94 162.90 102.68 49.60 0.96
SD 0.51 0.83 3.08 1.49 0.53
Note: LN – sample number, cryst. – crystallisation, and SD – standard deviation.
Table 2. Fibre diameter characteristics of eight PP
filaments.
LN
Winding 
speed (rpm) MFD (µm) SD (µm) CV (%)
43843.2 312 22.0 3.2 14.3
43844.3 267 24.0 3.3 13.7
43842.1 250 24.5 3.3 13.6
43840.6 210 26.1 3.5 13.3
43838.4 192 27.0 3.9 14.3
43839.5 161 29.5 4.2 14.1
43841.0 145 31.0 4.1 13.2
43846.5 132 32.8 5.5 16.7
Table 3. Summary of regression relationships between
MFD and CIE X, Y, Z values of eight PP filaments.
Standard error
(T units) R2 (%)
Regression X Y Z X Y Z
Linear 0.54 0.59 0.71 92.1 91.2 89.1
Polynomial 0.60 0.66 0.76 84.0 83.5 80.0
Power 0.55 0.59 0.70 84.9 83.4 79.6
Exponential 0.55 0.59 0.70 84.9 83.3 79.5
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the Rλ,EMSC spectra were derived. The Rλ and Rλ,EMSC
spectra are shown in Figures 2–5 for the PP filaments
and the wool samples, respectively.
Figure 2 clearly shows that the fibre diameter had a
significant effect on the spectral intensity of the PP fila-
ments – the coarser the fibres, the lower the intensity of
the diffusing reflectance. After the EMSC pretreatment,
the diameter effect was removed from the Rλ of the PP
filaments (Figure 3).
Figure 2. Measured colour spectra of PP filaments.3 Colour spectra of PP fil ments after EMSC treatment.Figure 4 shows the spectra of the 10 midside
samples. Unlike the PP filaments, wool fibres have
scales covering the surface and internal colourant. The
behaviour of the light scattering of the wool and PP
samples is very different, even though the ranges of
Figure 1. CIE X, Y, Z values of PP filaments from the ‘standard’ testing.
Table 4. Colour values of 10 midside samples.
LN MFD (µm) X Y Z Y – Z
61225.3 13.5 71.2 75.4 68.8 6.6
61067.6 13.6 72.2 76.5 69.8 6.8
61032.6 14.1 71.8 76.6 69.4 7.2
61001.3 15.1 71.7 75.9 68.7 7.2
61224.2 16.1 70.1 74.2 66.7 7.5
61194.0 17.1 71.5 75.8 68.3 7.5
61129.5 18.1 71.0 75.3 67.5 7.8
61193.6 19.0 72.3 76.7 68.7 8.0
61003.5 19.5 71.1 75.4 67.4 8.0
61037.4 20.3 70.9 75.1 67.2 7.9
Figure 2. Measured colour spectra of PP filaments.
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Figure 3. Colour spectra of PP filaments after EMSC treatment.
Figure 4. Measured colour spectra of midside samples.
Figure 5. Colour spectra of midside samples after EMSC treatment.
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MFD values are similar. Fibre-diameter-dependent
scatter and colourant-absorption were combined to
produce the measured spectra. However, the EMSC
method was able to remove the diameter-scatter effect
from the spectra as shown in Figure 5.
Figure 4. Measured colour spectra of midside samples.5 Colour spectra of midside samples after EMSC treatment.
Models for PP filaments
Based on the Rλ and Rλ,EMSC spectra, linear relationships
between ∆Rλ (Rλ – Rλ,EMSC) and MFD were first derived
for each wavelength. Then the correction models were
derived using Equations (11) and (12).
For the PP filaments, the models for correcting the
CIE X, Y, Z values are shown in Table 5.
The relationships between corrected X, Y, Z values
and MFD are show in Figure 6. Analyses of variance
(ANOVA) of the linear regressions between X, Y, Z
values and MFD are shown in Table 6, both before and
after correction. Comparison of the regressions before
and after the corrections shows that the diameter depen-
dence of the tristimulus values was removed by the
models. The regression relationships between the CIE
X, Y, Z values and MFD became insignificant after
application of the corrections. The reduction of the
regression slopes is also highly significant as shown in
Table 7.
Figure 6. The relationships between corrected CIE X, Y, Z values and MFD of the PP filaments.
Models for wool fibres
Using the same methods as for the PP filaments, the
models developed for the wool midside samples of the
selected INFs are listed in Table 8. As expected, these
models have different slope and offset values compared
to the PP models. A further difference is that, unlike the
PP corrections in which the slopes and offset values were
similar for X, Y and Z, the slopes and offsets of the wool
model for Z were quite different from the equivalent
values for the X and Y models. This difference indicates
that wool fibres have different light scattering across the
visible wavelength range compared to PP. Figures 2 and
4 confirm the relatively constant reflectance across the
visible wavelength band for PP (Figure 2) compared to
the distinct increased slope below 470 nm for wool
(Figure 4). This higher slope coincides with the wave-
length region which largely determines the Z values and
has negligible effect on X and Y values (Billmeyer &
Saltzman, 1966). It may be the existence of scales on the
surface of wool fibres which is fundamentally responsi-
ble for the different reflectance of wool fibres in this
region of the spectrum. The frequency and morpholog-
ical structure of the scales may change light scattering
behaviour preferentially across the wavelength range,
with more effect in the lower wavelength area. In this case
the ‘blue’ light range (Z), which includes the lowest visi-
ble wavelengths, would have higher spectral variation
than the ‘yellow’ (Y) and ‘red’ (X) wavelength ranges.
For the sheep CRC wool samples, the performance
of the models is shown in Figures 7 and 8 for (Y – Z)
and Y values, respectively. The ANOVA of the linear
regressions between the (Y – Z) and Y values, both
before and after correction, and MFD are listed in
Tables 9 and 10. The diameter dependence of Y – Z
Table 5. Models for PP filaments.
Model X Y Z
φ −0.295 −0.306 −0.329
κ 8.477 8.793 9.504
Figure 6. The relationships between corrected CIE X, Y, Z values and MFD of the PP filaments.
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values was successfully removed after the model
corrections. After correction the regression relationship
for Y – Z became insignificant (Table 9) and the regres-
sion slope approached zero (Table 10). The regression
relationship and slope for Y were insignificant and
almost zero both prior to and following correction.
Figure 7. Performance of the model for (Y – Z) values of midside samples.8 Y values of midside samples.9 Model performance for INF 08.10. Model performance for INF 05.
Model performance for INF flocks
The models developed for the clean colour of midside
samples were applied to all the INFs which were tested
in the 2008–2009 season. As shown in Tables 11 and
12, the correlation coefficients between Y – Z and MFD
values for each flock were reduced significantly by the
corrections (Table 11) and the absolute value of the
regression slopes were also greatly reduced in each case
(Table 12). The diameter dependence of the Y – Z
values caused by the diameter-dependent scatter was
either eliminated or significantly reduced by the models
for each of the INFs. In particular, the performance of
the models is shown in Figure 9 for INF 08 which had
the highest average fibre diameter and the largest range
of mean MFD of the seven INFs.
It is interesting to further examine the colour charac-
teristics of INF 05, for which a significant relationship
between Y – Z and MFD remained after correction. It
may be that the colourants of the wool samples are quite
different across the MFD range for this flock. Visual
examination (Figure 10) of the MFD versus Y – Z plots
shows that the model reduced the MFD dependence on
measured Y – Z values for all data of this flock, but that
a small number of the samples of relatively high or low
diameter appeared to exert high leverage on the regres-
sion slope. Further investigation is recommended into
the colourants within this flock.
Implications
Implementation of plans for genetic gain in Merino
wool enterprises usually place great importance on fibre
diameter (Brown & Turner, 1968; Naidoo, Cloete, &
Table 6. ANOVA of the linear regressions between X, Y, Z values and MFD for PP filaments.
Tristimulus Correction Component df SS MS F Significance F
X Before Regression 1 8.851 8.851 137.893 0.000
Residual 6 0.385 0.064
Total 7 9.236
After Regression 1 0.006 0.006 0.095 0.769
Residual 6 0.385 0.064
Total 7 0.391
Y Before Regression 1 9.706 9.706 138.983 0.000
Residual 6 0.419 0.070
Total 7 10.125
After Regression 1 0.012 0.012 0.174 0.691
Residual 6 0.419 0.070
Total 7 0.431
Z Before Regression 1 10.138 10.138 51.604 0.000
Residual 6 1.179 0.196
Total 7 11.317
After Regression 1 0.002 0.002 0.011 0.919
Residual 6 1.179 0.196
Total 7 1.181
Table 7. Slopes of the regression relationships between X, Y,
Z values and MFD for PP filaments before and after
application of model corrections.
Model correction
Tristimulus Before After
X −0.303 −0.008
Y −0.317 −0.011
Z −0.324 0.005
Table 8. Models for midside samples.
Model X Y Z
φ −0.021 −0.014 −0.158
κ 0.344 0.237 2.622
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Figure 7. Performance of the model for (Y – Z) values of midside samples.
Figure 8. Performance of the model for Y values of midside samples.
Table 9. ANOVA of the linear regressions between X, Y, Z values and MFD for midside samples.
Colour Correction Component df SS MS F Significance F R2
Y – Z Before Regression 1 1.501 1.501 410.965 0.000 98.1
Residual 8 0.029 0.004
Total 9 1.530
After Regression 1 0.017 0.017 4.708 0.062 37.0
Residual 8 0.029 0.004
Total 9 0.046
Y Before Regression 1 0.014 0.014 0.049 0.830 0.0
Residual 8 2.186 0.273
Total 9 2.199
After Regression 1 0.000 0.000 0.000 0.985 0.0
Residual 8 2.186 0.273
Total 9 2.186
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Table 10. Slope changes of the regressions between Y – Z and Y values and MFD for midside samples.
Model correction
Colour Before After
Y – Z 0.161 0.017
Y −0.015 −0.001
Table 11. Correlation coefficients between (Y – Z) and MFD values for INFs.
MFD of CRC flock
Correction INF 01 INF 03 INF 04 INF 05 INF 06 INF 07 INF 08
Y – Z Before 0.451 0.411 0.500 0.611 0.360 0.563 0.442
After 0.138 0.112 0.095 0.338 −0.087 0.225 0.030
Difference (after – before) −0.31 −0.30 −0.41 −0.27 −0.45 −0.34 −0.41
Table 12. Slopes of the regression between (Y – Z) and MFD values for INFs.
Slope before and after correction
INF Range of MFD (µm) Average of MFD (µm) Before After
INF 01 12.9–20.3 16.2 0.199 0.055
INF 03 15.3–22.4 18.2 0.192 0.048
INF 04 13.8–19.7 16.8 0.173 0.029
INF 05 12.5–18.8 15.4 0.269 0.125
INF 06 13.1–21.6 17.3 0.117 −0.027
INF 07 13.1–21.8 16.5 0.218 0.074
INF 08 14.2–27.7 18.2 0.153 0.009
Figure 9. Model performance for INF 08. Figure 10. Model performance for INF 05.
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Olivier, 2004; Yamin et al., 1999; Young, Turner, &
Dolling 1960), since diameter is considered the most
important heritable fibre property of Merino wool, and
diameter is genetically correlated with a wide array of
other economically important production traits. Thus, to
the extent that clean wool colour is artefactually biased
by diameter, the proposed model removes this diameter
effect on wool colour measurement results.
This paper shows that it is possible to remove the
diameter artefact from the phenotypic relationship
between clean colour and fibre diameter. This new devel-
opment offers the potential to redefine the genetic corre-
lations between de-confounded clean wool colour data
and other production traits such as fibre diameter, and
therefore establish foundations for genetic improvement
programmes for clean wool colour. The latter will be the
subject of ongoing research within the sheep CRC.
Conclusions
The reflectance spectra from the ‘standard’ colour
measurement of bulk fibres include information about
colourant-related light absorption and diameter-related
light scattering. A control trial on PP filaments has
shown that there is a relationship between fibre diame-
ter and measured spectra such that finer fibres produce
stronger light scattering in the colour spectra.
The EMSC technique was successfully applied to
correct the measured colour spectra for both the PP fila-
ments and clean wool midside samples. The corrections
were diameter dependent and quantified as linear rela-
tionships with the MFDs of the measured samples. The
results showed that the diameter-dependence was stron-
ger for wool yellowness (Y – Z) than for wool brightness
(Y). Based on the modelling of selected samples drawn
from one of the INFs measured during the 2008–2009
season, simple-to-apply corrections have been devel-
oped for the CIE X, Y, and Z values to remove the diam-
eter-dependent light scattering in the ‘standard’ colour
testing. The correction model performed well for seven
INFs. In particular, the dependence of Y – Z on MFD
was significantly reduced for all cases and the regres-
sion slopes were reduced to approximately zero in five
of the seven flocks.
On this basis, we conclude that it is possible to
remove the artefactual dependence of clean wool colour
measurements on fibre diameter, and that this develop-
ment creates the opportunity to revise genetic parameter
estimates for clean wool colour and its association with
other traits of importance.
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